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ABSTRACT Rotational speed and temperature measurements of an engine blade surface play a vital role in
the performance detection of an engine. We proposed a wireless passive LC sensor based on thick-film
integration technology to integrate the sensor in situ on the surface of the rotating part, which can be
used to monitor the rotational speed and temperature of the rotating part. The reflection signal generated
by the impedance mismatch is output in the form of voltage through the detection circuit such that the
synchronous online measurement of rotational speed and temperature is realized by analyzing the time
slot of adjacent troughs and the amplitude of the output voltage. In addition, we used laser drilling, screen
printing, high-temperature sintering, and other technologies to integrate the sensor in situ on the surface of
the ceramic turntable, which is lightweight. Finally, the test was conducted by setting up a rotational speed-
high-temperature composite experimental platform, and the results showed that the sensor can work normally
in the range of 25-830°C, and the rotational speed measurement range was 50—400rpm. The consistency of
the rotational speed measurement was suitable, the maximum error was less than 1%, and the work was
stable within 180 min.

INDEX TERMS High temperature, high temperature rotating environment, in situ integration, rotational

speed, wireless measurement.

I. INTRODUCTION

As one of the key components of airplanes and automotives,
engines contain numerous rotating parts, including blades,
bearing brackets, and shafts, which work in harsh environ-
ments, such as high rotational speeds and high tempera-
tures [1]-[5]. Therefore, monitoring rotational speed and
temperature parameters is vital for the safe and reliable oper-
ation of an engine. For instance, engine blades are extremely
vulnerable to thermal corrosion by high-temperature airflow
during aircraft operation; therefore, real-time online monitor-
ing of the rotational speed and temperature parameters of the
blades will improve the reliability of the engine and reduce
the damage rate of the blades [6]-[8].
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In general, a rotational speed sensor based on the con-
tact measurement principle is installed on the surface of the
rotating component directly such that the signal transmission
electrical lead runs with the rotating component, causing
problems, such as inaccurate test results and damage to the
test device. Thus, numerous non-contact rotational speed sen-
sors have been investigated to measure the rotational speed.
In 2012, Li et al. [9] from Wuhan University developed a
rotational speed sensor using the fiber Bragg grating as a
sensitive component, which measured the rotational speed
by converting the speed into grating strain. However, this
type of optical sensor has strict requirements for the optical
path transmission of a dust and barrier-free environment.
In addition, the demodulation circuit of an optical fiber sen-
sor is complex. Therefore, it has certain limitations in its
application. Magnetic sensors have also been developed for
rotational speed measurement, including magnetoresistive,
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magneto-electric, eddy current, and electrostatic. In 2001,
Giebeler et al. [10] presented a giant magnetoresistance sen-
sor with a full wheatstone bridge for rotational speed sensing.
In 2016, Wu et al. [11] demonstrated a rotational speed sensor
based on the magneto-electric effect; the rotational speed
sensor could measure the rotational speed within 1000rpm,
and the measurement error was approximately 3%. Never-
theless, both of the aforementioned sensors are susceptible to
the environment and have a narrow measurement bandwidth.
In 2019, Mirzaei et al. [12] developed a rotational eddy
current speed sensor and analyzed its performance through
finite element simulations and experiments. However, the
unevenness on the surface of the measured object, such as
nicks and grooves, affects the measurement results and causes
measurement errors. The electrostatic sensor designed by
Wang et al. [4], [13], [14] transfers the charge generated
by the friction between the rotating object and air to the
sensor through electrostatic induction and then realizes the
rotational speed measurement by subsequent algorithm pro-
cessing. However, the lower the rotational speed, the less
charge generated by the turntable, and, thus, this technique
is not suitable for measuring low rotational speeds. In recent
years, other methods have also been developed to test rota-
tional speeds [15]-[18]. However, different measurement
approaches have limitations. The noise signal generated by
the engine operation is superimposed on the vibration signal,
which will cause serious interference to the extraction and
analysis of the vibration signal, resulting in a low accuracy of
the measurement of the rotational speed based on the instan-
taneous speed evaluation technology of the vibration sig-
nal. None of the above-mentioned sensors involve rotational
speed measurement in a high-temperature environment, and
most of the internal moving parts of the engine work in a
high-temperature environment. Therefore, it is particularly
important to measure the temperature of the engine parts.
In general, to avoid lead corrosion and combustion damage
in a high-temperature environment, it is important to choose
sensors that do not require leads for measurement. Simultane-
ously, compared with offline monitoring, online monitoring
can always reflect the changing state of the blade temperature
and other parameters [19]. For example, online measure-
ment of engine blade temperature in a high-temperature envi-
ronment uses thermal imaging phosphor, optical pyrometer
[20]-[22], etc. and the temperature measurement of 700°C on
the turbine blade surface was realized through thermal imag-
ing phosphorescent coating. However, thermal imaging phos-
phors require optical components, which hinder the use of
sensors for condition monitoring applications owing to space
and airflow constraints. The radiation reflected from the high-
temperature environment causes serious errors in the mea-
surement of the optical pyrometer. Therefore, when an optical
sensor is used to measure the temperature, the reflection
error and dust in the air will affect the measurement to some
extent. Passive RF LC transmission technology based on the
principle of non-contact measurement has the advantages
of high working temperature and convenient reading; it is
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widely used for parameter measurements in high-temperature
environments, such as temperature and pressure measure-
ments, which have a wide range of applications [23]-[26].
To date, wireless passive LC dual-parameter sensors mostly
use dual LC-sensitive circuits, and the crosstalk between the
inductance coils causes inaccurate measurement results.

Therefore, in this study, we proposed a wireless passive
sensor to monitor rotational speed and temperature syn-
chronously, allowing in situ integration of post-membrane
technology as the fabrication process and electromagnetic
induction principle as the transmission method to extract
characteristic signals wirelessly. The sensor only contained
a single LC circuit with Ag paste as the material. The experi-
mental performance shows that the sensor can work normally
at rotational speeds ranging from 50-400rpm and tempera-
tures ranging from 25-830°C. The sensor prepared in this
study is lightweight, along with the wireless signal extraction
method, which makes it promising for in situ synchronization
online monitoring of rotational speed and temperature in
harsh environments, such as turbine blades and bearing cages
of aero-engines.

Il. MEASUREMENT PRINCIPLE
Based on the electromagnetic coupling principle, the equiv-
alent model of the measurement principle of the designed
sensor and antenna is shown in Figure 1, in which the
sensor and antenna are located in a high-temperature and
high-rotation environment, and the measurement circuit are
located in a room-temperature environment. The RF signal
source provides the sine signal with fixed frequency for the
antenna, and the reflection signal caused by the impedance
mismatch between the sensor and the antenna is input into
the measuring circuit through the coupler, it is displayed and
saved in the oscilloscope in the form of a semi-sinusoidal
voltage after envelope detection by measuring circuit.
According to the resonance principle, when the resonance
frequency of the sensor is the same as that of the signal
source, the energy and signal are exchanged between the
sensor and the antenna. Therefore, the signal source fre-
quency in the measurement circuit is the resonance frequency
of the sensor. When the sensor runs with the rotating parts
in a high-temperature environment, the horizontal distance
between the sensor and the antenna changes periodically
(specifically, from large to small and then increases), leading
to a change in the electromagnetic coupling strength between
the sensor and the antenna, which is reflected in the change
in the mutual inductance coefficient M;, between the sensor
and the antenna. This can be expressed as [27], (1) as shown
at the bottom of the next page, where ¢ is the vacuum perme-
ability and R is the distance between two the points between
the inductance of the sensor and the antenna. Further, a and b
are the radii of the two coils, 4 is the vertical distance between
the centers of the two coils, x is the horizontal offset distance
of the centers, and ¢ and ¢; are the angles between the two
coils and the horizontal line. In an ideal case, the impedance
of the antenna, sensor, measurement circuit, and transmission

VOLUME 9, 2021



C. Li et al.: Synchronous Online Monitoring of Rotational Speed and Temperature

IEEE Access

Rotational speed
<
=
=
)=}
@ |
=51 At
<
ti 2t ta Time/s
Temperature
<
=i
2 Au
Q|
z
Time/s
T=F(AU,) U =HT}) )
Feature detection
. v=1/At U, =F(T;)

FIGURE 1. Schematic diagram of the sensor test principle and structure.

line are completely matched, and the RF input signal is not
reflected, making the reflection coefficient infinitely small.
However, practically, the entire measurement system cannot
achieve a complete impedance match. Consequently, when
the mutual inductance M, changes with the horizontal dis-
tance between the sensor and antenna, the reflection coeffi-
cient I" at the antenna also changes. Because the characteristic
impedance of the transmission line and the measurement
circuit is 50 2 in this study, the expression of the reflection
coefficient I is [28], (2) as shown at the bottom of the page,
where C; is the equivalent capacitance of the sensor, R, is
the parasitic resistance at the circuit of the sensor, and w is
the angular frequency. The reflection coefficient I passes
through the coupler and the detection circuit and is finally
converted into a semi-sinusoidal voltage U, for the output.
The specific expression is as follows:

Uout = Geny - C31 - T' = 1-46C31 -T (3)

where G, represents the amplification gain of the detection
circuit with a value of 1.46 V and C3; represents the coupling
coefficient between the coupling port of the third port and the
input port of the coupler, respectively.
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With the periodic rotation of the rotating parts, when the
sensor and antenna are in the opposite position, implying that
their inductance coils are coaxial, the coupling coefficient
appears at the maximum value, the amplitude of the emission
coefficient I" is the minimum, and the output voltage appears
at the minimum value. Therefore, the rotational speed mea-
surement can be realized by analyzing the adjacent trough
time slots of the output voltage with the specific expression
as follows:

v=F() =

PR “)
where #; and 7, represent the time when the output voltage
appears at the minimum in turn. In addition, as the temper-
ature increases, the equivalent capacitance C; of the sensor
changes, leading to an offset in the resonant frequency of the
sensor. As the magnetic field is weakened by the temperature
increase, the energy received and reflected by the sensor is
reduced; therefore, the coupling effect between the sensor and
the antenna is weakened, which is reflected in the decrease in
the output voltage. We can extract the output voltage trough to
analyze the temperature effect because the sensor resistance
with a small temperature change can be ignored; we mainly
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focused on the capacitance change analysis [25], [29].

e x T ®)]
A
Cy=F(er) =¢0 7 (6)
1
s = F(Cy)—F— 7
Js ( )an 7N
21 ) M2
Z = R+ j2nfL, + ( iR : ®)
Ry +jQ2mfLs — chs)
Z — 27 100
I'=F@Z) = =l-—" )
T = F(Uou) (10)

Here, A represents the area of the capacitor, d is the dis-
tance between the capacitor plates, &g is the vacuum dielectric
constant, and &, is the relative dielectric constant of alumina,
which changes with temperature. Rg, R, Ly, L, represent
the resistance and inductance of the sensor and the antenna
respectively, M represents the mutual inductance between the
sensor and the antenna, Z represents the impedance of the
antenna. The specific changes in the output voltage caused by
the temperature and rotational speed are shown in Figure 1.

Ill. FABRICATION SENSOR

The designed sensor uses Ag (ESL9912) slurry as an elec-
trode material and adopts thick-film integration technology
to integrate in situ on the surface of the rotating parts. The
technology can realize in situ integrated manufacturing of the
rotational structure surface. The detailed fabrication steps are
shown in Figure 2.

(a)Ceramic cutting (b)Thick film integrated

i(1) Laser mﬂrkcr& i(1) Alcohol to wipe: : (2) Silk screen printing 2

i
i Jili~

e =="l]|

b

(s

(3) Drying |

(2) Laser drilling Q &4) Silk screen printing
\ |

(5) High temperature sintering at 850C

FIGURE 2. Fabrication process of the designed sensor.

First, we brick a hole with a diameter of 1 mm in the middle
of the ceramic disc using laser drilling technology to connect
with the rotating shaft.

Second, ethanol was used to clean the surface of the
ceramic disc to ensure adhesion between the film and the
ceramic substrate.
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Subsequently, according to the optimized parameters,
a spiral inductor template for screen printing was designed.
By applying an appropriate amount of Ag electronic paste to
the screen-printing plate, adjusting the distance between the
screen plate and the ceramic plate, holding the scraper at an
angle, and moving in a fixed direction at a certain rotational
speed, part of the slurry is deposited on the surface of the
ceramic plate by extrusion and bonding.

Thereafter, the ceramic substrate printed with the circuit
pattern was put into the high and low temperature test box,
the slurry was dried at 150°C for 10 min, and then the ceramic
substrate was removed to allow it to cool naturally and flip
over; Further, a spatula with a small amount of slurry was
used to connect the inductance coil to the capacitor plate to
form a closed LC circuit.

Finally, the ceramic plate with electrode pattern was sin-
tered at 250°C for 20 min and then at 850°C for 40 min;
after 40 min of heat preservation, the organic solvent in
the slurry was removed and the metal electrode was tightly
bonded with the ceramic substrate. The above steps real-
ize the preparation of the surface LC loop of the rotating
part.

The fabricated sensor is shown in Figure 3(a). An enlarged
view of the sensor electrode under the microscope is shown

(8) onmme : 50um (€)
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FIGURE 3. (a) Physical image of the sensor. (b) Inductance profile of the
sensor under a confocal microscope. (c) Electrode thickness measured by
the sensor under a step meter.
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FIGURE 4. Coupling frequency of the sensor and antenna.
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FIGURE 5. Scheme of the high-temperature and rotational speed composite environment testing system. (a) Principle of rotational speed and

temperature. (b)Rotational speed and temperature measurement platform.
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FIGURE 6. (a) Waveform diagram output by the oscilloscope at 400rpm. (b) Non-linear error ofthe measured rotational speed.

in Figures 3(b) and (c). As shown in the figure, the width
of the sensor’s inductance is 10 mm, and the width between
adjacent inductances is 10 mm. As shown in Figure 3(d),
the thickness of the sensor was found to be 20.m by observ-
ing the step meter. This indicates that the sensor can be
thinly attached to the surface of the rotating parts, laying
the foundation for subsequent use in blades and other parts.
The return loss (S11) is the reflected signal caused by the
impedance mismatch, which reflects the signal transmis-
sion strength. The smaller the return loss, the better the
performance of the designed sensor. We set the distance
between the sensor and the antenna to 5 mm and then
measured the coupling frequency between the antenna and
the sensor using a network analyzer, as shown in Figure 4.
It can be observed from the figure that the frequency
between the antenna and the sensor is 44.3 MHz and Sy is
—17.1 dB. The sensor structure designed in this study was
reasonable.
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IV. RESULT AND DISCUSSION

In this section, the platform construction, room-temperature
rotational speed measurement, and high-temperature rota-
tional speed measurement are explained.

A schematic of the high-temperature and rotational
speed test platform is shown in Figure 5(a) and (b). The
test platform is mainly divided into high-temperature and
room-temperature zones. The high-temperature area mainly
includes a muffle furnace, a high-temperature ceramic
turntable, a rotating shaft, high-temperature supporting
equipment, sensor and antenna, while the normal tem-
perature area mainly includes the motor, detection circuit
module, coupler, signal generation, and oscilloscope. The
function of the detection circuit is mainly realized by the
ADLS5511 chip, the working temperature is —45-60°C, and it
has excellent temperature stability. As shown in Figure 5(b),
the muffle furnace was equipped with a heater, thermocouple,
and temperature controller. Users can set the corresponding

96261
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temperature curve through a digital display temperature pro- in a muffle furnace, and the motor was connected to the
gram controller to automatically control the temperature. high-temperature ceramic rotating disk through the rotating
The high-temperature ceramic rotating shaft was placed shaft to provide the rotational speed and high-temperature
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multiple measurements of the oscilloscope output voltage.

environment for the sensor. The high-temperature and
room-temperature zones are separated by mullite with a suit-
able heat insulation effect, and the antenna is installed at the
interface of the muffle. The coupling distance between the
sensor and antenna was set to 5 mm.

A. ROTATIONAL SPEED MEASUREMENT UNDER A
ROOM-TEMPERATURE ENVIRONMENT

First, the performance of the sensor was measured at room
temperature. The rotational speed of the motor was adjusted
from 50 to 400rpm at 50rpm. The rotational speed of the
motor was adjusted from 50 to 400rpm at 50rpm. The time
point between the trough output by the oscilloscope was a
cycle. Equation (4) was used to obtain the rotational speed
measured by the sensor. The output waveform of the oscil-
loscope at 400rpm is shown in Figure 6 (a); Figure 6(b)
shows the relationship between the measured rotational speed
and the set rotational speed of the motor. From the figure,
the actual rotational speed of the motor is almost the same

VOLUME 9, 2021

as the measured rotational speed. At 350rpm, the maximum
error was 0.022%.

To ensure the accuracy of the test results, the sensor was
tested once every 30 min; after 5 times of testing, the results of
motor rotational speed measurement as shown in Figure 7(a)
were obtained. The measured rotational speed shown in the
figure is the result of five measurements and the set value,
as shown in Figure 7(b), which is the relative error between
the measured rotational speed and the motor rotational speed.
The above analysis shows that the maximum error is 0.022%,
and the measured rotational speed and the motor rotational
speed have a good consistency in a normal temperature
environment.

B. ROTATIONAL SPEED MEASUREMENT UNDER A
HIGH-TEMPERATURE ENVIRONMENT

To further explore the relationship between the rotational
speed and the temperature measured by the sensor, the cou-

pling frequencies between the sensor and the antenna are
measured at 25, 100, 200, 300, 400, 500, 600, 700, 800, and
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830°C by the Network analyzer, and the results are shown
in Figure 8(a). We can observe that the coupling frequency
decreases from high to low temperature. This phenomenon is
attributed to the dielectric constant of the substrate increasing
with an increase in temperature, leading to an increase in the
capacitance of the sensor; the coupling effect between the
sensor and antenna is weakened and the coupling frequency
is shifted. Subsequently, the output characteristics of the sen-
sor are analyzed when the temperature and rotational speed
change, and the influence of temperature on the rotational
speed measurement is determined. The rotational speed of the
sensor was tested at 25, 100, 200, 300, 400, 500, 600, 700,
800, and 830°C from 50 to 400rpm. Figure 8(b) shows the
relationship between the measured rotational speed and the
given rotational speed of the motor at different temperatures.
Figure 8(c) shows the error between the measured rotational
speed and the actual rotational speed at different tempera-
tures. The maximum error was less than 0.99%. We found
that the rotational speed can be measured at different tem-
peratures, and the temperature has no effect on the rota-
tional speed. Figure 8(d) shows the voltage amplitude of the
oscilloscope at different temperatures at the same rotational
speed. It can be observed from the figure that the voltage
amplitude decreases with an increase in temperature at the
same rotational speed, and the decreasing trend is nearly
linear, as well as the maximum margin of error is no more
than 1.8%.

The repeatability and stability tests of the sensor were
performed at 830°C. The rotational speed of the sensor was
measured every 30 min, as well as from 50 to 400rpm,
as shown in Figure 9(a). The actual measured rotational speed
was compared with the given rotational speed of the motor,
as shown in Figure 9(b). The error analysis is shown in
Figure 9(c). As can be observed from the diagram, at 830°C,
the sensor can measure the rotational speed stably, the max-
imum error is 1.5 r/min, and the error is 1%. Figure 9(d)
shows the output voltage amplitude of the sensor at the 830°C
oscilloscope. We can observe that the sensor is also sensitive
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to temperature. The maximum error of the five repeatability
tests is not more than 0.35%.

Next, we tested the stability of the sensor at 830°C, and
the rotational speed and temperature of the sensor were mea-
sured every 30 min. As shown in Figures 10(a) and (b),
the rotational speed of the sensor does not change much
in 180min, but the voltage drops sharply in 180min during the
temperature measurement; therefore, the sensor can operate
for 180min, and if the sensor and the antenna are integrated
into turbine blades and engine housings respectively, it is
possible to realize the measurement of rotating parts in high-
temperature, such as engine blades.

V. CONCLUSION

We demonstrated a wireless passive LC sensor based on
thick-film integrated technology for the simultaneous online
measurement of rotational speed and temperature in a
high-temperature environment. The thick-film integration
technology ensures the in-situ integration of the sensor on the
surface of the component under test. The experimental tests
were investigated in the built temperature-rotational speed
composite platform. The results show that the sensor can
measure the rotational speed and temperature simultaneously
in the temperature range of 25-830°C, and the sensor can
operate normally in the range of 50-400rpm, the maximum
error is not more than 0.99%, and the change in temperature
can be expressed by the output voltage of the oscilloscope.
At 830°C, the relative error between the measured rotational
speed and the reference rotational speed reaches a maximum
of 1% and the stability of the sensor is 180min, which is
important prospect for measuring the rotational speed and
temperature of the rotating parts in extreme high-temperature
environments in the future.
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